The PAPA camera is a photon-counting array detector that uses optical encoding to locate photon events on the output of a microchannel plate image intensifier. The Sydney University camera is a 256x256 pixel detector which can operate at speeds greater than 1 million photons per second and produce individual photon coordinates with a deadtime of only 300 ns. It uses a new Gray coded mask-plate which permits a simplified optical alignment and successfully guards against vignetting artifacts.
Introduction
The PAPA (Precision Analog Photon Address) camera is a photon counting array detector t h a t was developed at Harvard University for use in speckle interferometry (Papaliolios and Mertz 1982; Papaliolios et al. 1985) . T h e designs of more recent detectors have been based on the model described by Gonsiorowski (1986) , and the Sydney University camera was adapted from one of the five built by Standley and Nisenson (1989) . Although it uses many of the same components, it incorporates a different array of optical masks, whose advantages will be presented. T h e camera was built as part of t h e development program of the Sydney University Stellar Interferometer and is presently used as part of a photon counting spectrograph for group delay fringe tracking (Lawson 1993) .
The principle of operation of the camera will be reviewed, the design of the Gray coded mask-plate will be described, and various aspects of camera design will be discussed. T h e performance of t h e complete system is then presented.
Principle of Operation
The layout of the camera is shown in Figure 1 . Arriving photons are detected by a cooled 25 m m microchannel plate image intensifier, Varo model 3603. Each photon is represented by a bright spot on the output phosphor, and a system of lenses and masks is then used to optically encode the photon's coordinates.
The light from the intensifier is collimated by an Isco Cinelux Xenon f/1-6 lens with a 150 m m focal length. Within the diameter of t h a t lens is an array of small Rolyn zoom lenses with focal lengths adjustable from 75-80 mm. They serve t o re-image the output of the intensifier onto an array of masks. There is a n image and mask for each bit of coordinate (or address) information, both x and y, and a single clear mask, the strobe channel, to indicate the presence of a photon event. A total of m+n + 1 masks is needed to define a field of 2 m x 2 n pixels. Behind each mask there is a field lens and a Hamamatsu R647-04 photomultiplier tube. The analog electronics t h a t follow determine if, at the time of t h e strobe, enough light was seen through a mask to place an address bit in the on state. Hence, the coordinate of a event can be found by observing all masks simultaneously.
The masks represent the state of each address bit as the addresses progress along the x or y axis of the image. They are opaque at coordinates where a bit would be 0 and transparent where it would be 1. In the PAPA camera a Gray code, rather than normal binary, is used to reduce the frequency of address errors. It is one of many cyclic-permuted codes (Heath 1972) which all have the remarkable property t h a t only one bit changes in going from one sequential number to the next (Gardner 1972; Press et al. 1992 ). An illustration of this code is shown in Figure 2 .
If there are problems with a camera they are manifest in image artifacts. The use of the Gray code gives rise to artifacts that are unique to this type of detector. T h e y can occur because of errors in optical alignment, incorrect thresholding in the electronics, light level problems with the image intensifier, or vignetting of lenses within the system (Lawson 1994) . Vignetting is particularly serious because it causes a field-dependent error which makes it impossible to flat field the images. Therefore, the success of a PAPA camera is determined not only by its sensitivity, b u t also by the degree to which image artifacts are avoided.
The Gray Coded Mask Plate (a) Mask Design
The layout of Figure 1 is representative of most existing cameras, b u t the geometry of its mask-plate, illustrated in Figure 3 , is unique to the Sydney University detector. It contains all the Gray coded masks, manufactured as chrome deposited on glass using optical micro-lithography.
Each mask is made oversize to a diameter of 18 m m and is scaled for an image t h a t is 9984 /im square. This corresponds to the inner 20 m m of the intensifier's output imaged with a magnification near 0-5. There are 256x256 pixels, each 78 /im wide, encoded at the output of the image tube. The important feature of the plate is t h a t its masks have been arranged to minimise the effects of vignetting.
The problem arises because a large number of small lenses must b e packed within t h e effective Figure 2-A comparison of binary and Gray code: In going from one Gray coded number to the next only one bit changes state, whereas in normal binary it is common for many bits to change. Opaque regions of a mask are where that bit is off.
aperture of the collimating lens; if the outer lenses are vignetted then the images on some masks will have a tapered illumination on one side. In those regions the associated addresses bits will be biased off, because even if events land in a clear part of a mask they might not be detected by the photomultiplier tube which follows. Many of the photon addresses will be incorrectly determined and a characteristic artifact will appear in a flat field image (Lawson 1994) . The 17 lens array was chosen to obtain a modest resolution while eliminating the effects of vignetting. The outer masks in the array are located near the x and y axes, and the coarsest masks have been placed there, oriented with their opaque regions towards the centre of the mask-plate. Vignetting of the outer lenses would cause a shadowed region to appear inverted on the inner side of those images. Because this now coincides with the opaque part https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1323358000019664 of the masks, the vignetting cannot be detected at the photomultipliers and thus will not bias the addresses produced by the camera.
(b) Optical Alignment
Seventeen small zoom lenses are used in the array. They are each 16-9 mm in diameter and are mounted on centres 18 mm apart. The entire array fits within the effective aperture of collimating lens, which has a diameter of 93-8 mm.
The camera is optically aligned by rotating individual lenses in the array. If a lens is not perfectly centred in its mount then the rotation will move its image in a circle. This provides the necessary range of adjustment on each mask. The zoom lenses were mounted in barrels and slid into a mounting plate. The array pattern allows lateral access for focus and rotation of all lenses except the central three, which are positioned prior to the alignment. These are the strobe, the X7 lens, and the Y7 lens. All other lenses are movable and are held in place by screw adjustments. The X7 and Y7 masks serve as the reference for the alignment of the x and y axes and need only be focused correctly. The rotation and focusing of the strobe is not crucial, because it is used only to collect light.
The X7 mask defines every second pixel edge along the x axis, and the remaining masks define all other boundaries. If a mask edge is misaligned then the pixel width on one side will be reduced, while that on the other will be increased; this makes some pixels appear more sensitive than others and will cause a tartan pattern to appear in the data. The accuracy of the alignment determines the depths of the tartan.
Camera Performance
An image of a uniformly illuminated field is shown in Figure 4 , and a cross section through that image is shown in Figure 5 . There are no vignetting artifacts in the image, and so the design goal of the mask-plate was achieved. Furthermore, the rms pixel-to-pixel variation is near 10% of the mean, suggesting that on average the mask edges were optically aligned to within a tenth of a pixel's width. This alone accounts for most of the structure seen in Figure 5 . Several larger errors are also present where the alignment has slipped by more than one pixel. These are due to chromatic aberration in the small zoom lenses. An example of this can be seen at the edge of the XI mask, near pixel 190. Figure 6 is an image of a resolution chart taken with the camera. The detector has been shown to resolve at least 97 line pairs across its full aperture, indicating resolution on a scale greater than 194 pixels. For comparison, the logo of the Sydney University Stellar Interferometer imaged with the camera is shown in Fig. 7 .
The camera has a linear response over a wide range of light levels: it will operate at speeds up to 1 • 15 million counts per second, as measured over the full field, with a dark count of 200 counts per second. The limit at high count rates is determined by the onset of image artifacts caused by the behaviour of the intensifier (Lawson 1994) . The detective quantum efficiency (DQE) of the camera is near 2-5%, estimated by comparison with the response of the photomultipliers at the Sydney University Stellar Interferometer. Although this is low, it is comparable with previous PAPA cameras such as the one described by Papaliolios et al. (1985) , quoted at 3%. It is also comparable with other photon-counting array detectors that use microchannel plates: The MAMA (Multi-Anode MicroChannel Array) cameras have had DQEs of 0-5% and 4-0%, using bialkali and S-20 photocathodes respectively (Morgan 1988) .
Discussion
The few large alignment artifacts are caused by chromatic aberrations in the small lenses. The P-47 phosphor is used in the image tube for its fast response time, and has a spectral distribution which peaks at 420 nm. The lenses in the camera should therefore have been optimised for imaging with bluepurple light. Where chromatic aberrations exist, there are poorly defined mask edges which give rise to misalignment features in the data. The zoom lenses, however, allow the effective focal lengths to be matched to within 0 • 2% so that the camera can be optically aligned (Lawson 1994) , and are small enough so that they can all be packed within the effective aperture of the collimating lens.
The low DQE is a result of using a microchannel plate intensifier. The design requires a high gain image intensifier so that all masks may be adequately illuminated. It also requires the decay time of the phosphor to be short, less than a few hundred nanoseconds, so that there is no temporal overlap of photon events. The necessary gain could be achieved using a cascaded series of first-generation image tubes, such as those used in the Image Photon Counting System (IPCS) described by Boksenberg (1990) . However, the equivalent background illumination and image distortion would be increased at each stage, image blooming would be present around bright sources, and, most importantly, the decay time of the phosphor would be lengthened. In this respect microchannel plate (MCP) intensifiers have a clear advantage and have therefore been used in every existing PAPA camera. Unfortunately, geometrical constraints allow only about 57% of accelerated photoelectrons to land within the microchannels, and the DQE of the tube is reduced accordingly. Attempts to improve the DQE have included using a diode intensifier as a first stage in the manner suggested by Papaliolios et al. (1985) . Regrettably, these efforts have met with mixed results. The report by Latham (1982) describes an identical strategy and outlines the difficulties encountered when applied to intensifiers for photon-counting Reticons. He suggested it is possible for the DQE to approach 80% of the photocathode sensitivity.
In the Sydney University camera the gain is obtained using only a Varo 3603 MCP image tube. It contains a single, bias cut, MCP with a pore size of 8 • 9 fim and centre-to-centre pore distance of 11-8 jum. Although the tube's S-20 photocathode has a peak quantum efficiency of 11-6%, the D Q E of the camera is much less, for the reasons outlined above. There are also losses when thresholding at the electronics: the Varo intensifier has a pulse-height distribution that resembles a negative exponential, and so there is no true threshold that separates signal from noise. T h e 3603 series are night-vision intensifiers and are not specifically designed for photon-counting. Improvements are clearly possible using a different method of image intensification: improved pulse-height distributions could be obtained using curved-channel or z-stacked M C P s operating in charge saturation mode (Slater et al. 1990) , and a GaAs photocathode could yield a much higher D Q E (Edgecumbe et al. 1992) .
